ABSTRACT
INTRODUCTION

O
ver the years, a number of techniques have been described to obtain a tapered preparation, mostly using conventional manual stainless steel (mSST) instruments. Although different designs and mechanical procedures have been proposed, they have all suffered from intrinsic problems, mainly attributed to the intrinsic stiffness of conventional stainless steel (SST) instruments, such as zipping, stripping, ledging, perforation, canal transportation, and broken instruments, especially in severely curved canals. 1 The development of rotary nickel-titanium (rNiTi) instrumentation in the past decade has modified the root canal preparation. [2] [3] [4] Nickel-titanium (NiTi) endodontic files have a remarkable ability of adequately shaping root canals. 1 The characteristic of NiTi alloys to alter their crystalline state gives them exceptional flexibility. Superelasticity, high resilience, excellent cutting efficiency, shaping ability, and fatigue resistance are peculiar features of NiTi endodontic files.
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Accordingly, NiTi instruments have gained rapid acceptance among endodontists, 1, 11 suggesting that they outperform mSST instruments in most of the parameters related to root canal treatment success. However, the available evidence on this topic has not been systematically assessed to date. Therefore, the aim of this systematic review was to evaluate and compare the effectiveness (outcome) of using rNiTi (intervention) vs mSST (comparison) files in root canaltreated teeth (population).
MATERIALS AND METHODS
A systematic review was conducted and reported adhering to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement, 12 and the quality standards proposed by a measurement tool to assess the methodological quality of systematic reviews (AMSTAR) on therapies. 13 This was done to obtain an adequate transparency, quality methodology, and reporting, thus, minimize potential bias in the review process. 14 
Search Method
Two experienced clinician scientists conducted a systematic search of 4 electronic databases (MEDLINE via PubMed, Embase via Ovid, Scopus, and Cochrane Central Register of Controlled Trials via the Cochrane Library) up to February 2016 with no language restriction. The following search string was used for MEDLINE database: ((endodontic* or "root canal*" or orthograd* or "dental pulp devitali*") and ((nickel and titanium) or nickel-titanium or niti or "ni ti" or niti or nitinol)). This search strategy was adapted to the 3 remaining databases. Additionally, a manual search was performed in the reference list of the selected articles and in the following 13 journals: International Endodontic Journal,
Types of Studies and Selection Criteria
For this review, prospective and retrospective clinical studies as well as randomized in vitro studies were considered by 2 independent review authors (A.E. and S.T.) for answering our research question. When disagreements were not resolved, a third review author was consulted (M.D.F.). A protocol was designed a priori (Appendix S1).
For studies appearing to meet the inclusion criteria or for which there was insufficient information in the title and abstract to make a clear decision, the full text was obtained. Reports were included if they compared rNiTi to mSST files for orthograde root canal therapy. Reports were excluded if they evaluated only one type of the files of interest and engine-driven SST files or manual NiTi files were used. All studies meeting the inclusion criteria underwent data extraction and risk of bias assessment.
In addition, clinical studies were excluded if they were not comparative (eg, case reports or case series) or if they considered root canal retreatment cases.
In vitro studies were considered when they were on extracted human teeth and randomized. Thus, the excluded in vitro studies consisted of using resin blocks, creating glide path only, or extracted endo-treated teeth undergoing retreatment.
Outcomes of interest
Primary outcomes were all variables used to identify any advantage brought in by the use of a given type of instrumentation in root canal treatment that may imply a clinically relevant benefit for the patient (eg, pain reduction, symptoms resolution and healing, improvement of quality of life, occurrence of complications, tooth retention and function, and incidence of relapse of the condition).
Secondary outcomes were directly measured parameters such as cleansing of the root canal, microbial load reduction, apical debris extrusion, transportation, and centring ability. The overall risk of bias of each included study was categorized according to the following: low risk of bias if all criteria are met; unclear risk of bias if one or more criteria are assessed as unclear; or high risk of bias if one or more criteria are not met.
In vitro studies
The included in vitro studies were assessed based on the following information: overall and group-specific sample size calculation, randomization, reporting reasons of exclusion, or withdrawals. If the number of in vitro samples undergoing the experimental procedure was clearly documented and matched the number of samples reported, the study reporting of withdrawals was classified as adequate or low risk of bias.
Data Synthesis
For each study, the mean difference and the standard deviation in the primary and/or secondary outcome variable was extracted or calculated to estimate the effect of interventions. Heterogeneity was assessed by examining the types and the number of samples, the type of endodontic file used, and the outcomes in each study. A meta-analysis was attempted only if studies that performed similar comparisons, and reporting the same outcome measures, were found. The only difference between groups had to be the type of file used for orthograde root canal treatment. The primary or secondary outcome variables from each study were combined for continuous data using a randomeffects model. Standardized mean differences were calculated for each study. The analysis was performed using the software Review Manager (RevMan, Version 5.3; The Nordic Cochrane Center, The Cochrane Collaboration, Copenhagen, Denmark, 2014), and the results were graphically presented by means of forest plots.
RESULTS
This systematic review focuses on the root canal treatment success when using 2 intracanal preparation instruments only: NiTi rotary files compared to SST hand files. Other factors that influence survival and success of root canal treatments will have to be assessed in future systematic reviews. Examples of these may be host-dependent factors (age, gender, health status, parafunction, presence of antagonists, and number of canals), operator-dependent Figure 1 . Flowchart of the study selection process. MA 5 meta-analysis. The electronic and hand search strategies yielded 1155 references of studies after removal of duplicates ( Figure 1 ). After examination of titles and abstracts, 80 potentially relevant references reporting on the success of endo-treated teeth when shaping root canals with rNiTi compared to mSST files were examined in full text, and 58 of these references were excluded (Appendix S2). From the 22 references that fulfilled the proposed inclusion criteria ( Table 1 ; Appendices S3-S5), 6 were included for further quantitative assessment ( Figure 2 ). All included articles were published between 1995 and 2013.
Clinical Studies
Four clinical studies were included in this review ( Table 1) . Of these, 2 were randomized clinical trials (RCTs), and 2 were retrospective studies. The RCTs demonstrated that rNiTi files were as efficient as mSST files for intracanal bacterial reduction. 16, 17 Two studies retrospectively evaluated the endodontic success rate. 18, 19 One study reported that teeth treated with rNiTi files achieved higher success rate than mSST files concerning periapical healing. 18 The other study reported that there was no statistically significant difference between the 2 endodontic files groups with regard to tooth success rate.
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Quality and risk of bias assessment of included clinical studies One RCT 16 was judged at low risk of bias as it met all the evaluation criteria, whereas the other RCT 17 was at high risk as it had 2 high risk of bias items (Figure 2) . The 2 retrospective studies 18, 19 were judged at high risk of bias, mainly due to their study design (Figure 2) . Additional information regarding the full-quality assessment can be found at Appendices S6-S8.
A meta-analysis of 2 RCTs 16,17 quantifying the bacteria present after treatment did not suggest a difference between the rNiTi and mSST groups ( Figure 3A) .
In Vitro Studies
Eighteen in vitro studies were included. All these studies allocated samples in a random sequence, and the sample size was considered adequate in most studies. The overall methodology of the included studies was considered adequate, as most studies had a low risk of bias.
Due to different experimental set-ups and parameters investigated, a direct comparison of all the results was unfeasible. The operator expertise, sample size, type of teeth used, and degree of curvature of the canal varied among different studies. Moreover, the rotary systems under evaluation were used according to different protocols, and the number, sequence, and taper were also different.
Cleansing ability
Nine studies were classified in this category. Of these, 3 considered the cleansability outcome in terms of removal of bacterial biofilm. [20] [21] [22] Other 4 studies assessed the removal of the smear layer and debris after treatment, [23] [24] [25] [26] and 2 studies measured the removal of the dye injected in the root canal before instrumentation (Appendix S3). 27, 28 Four studies found no statistically significant difference between the 2 groups. 20, 21, 24, 27 Four studies reported that the cleaning was better when mSST files were used instead of rNiTi files. 23, 25, 26, 28 Only one study reported that rNiTi files were significantly more effective than mSST files in removing the bacterial biofilm.
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A meta-analysis of 2 RCTs 20,22 quantifying the bacteria present after treatment did not suggest a difference between rNiTi and mSST groups ( Figure 3B ).
Apical extrusion of intracanal debris
Two studies performed by the same research group evaluated the weight of dentin debris and the volume of irrigant Figure 2 . Risk of bias summary: reviewers' judgments about each risk of bias item for each included study.
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apically extruded in mandibular premolar teeth during initial treatment (Appendix S4). 29, 30 Both studies reported that rNiTi files extrude significantly less intracanal debris than mSST files. 29, 30 However, given the differences in the operative protocol among the 2 studies, no meta-analysis was performed.
Transportation and centring ability
Seven studies were classified in this category (Appendix S5). Two of the 3 studies that evaluated transportation using standardized radiographs reported that rNiTi files produce significantly less canal transportation and display better centring ability than mSST files, 31,32 whereas the third study 33 and the study that examined digital radiographs 34 found no statistically significant difference between the 2 groups.
The remaining 3 studies evaluated transportation by using computed tomography. Two of them reported that rNiTi files cause less canal transportation and have better centring ability than mSST files. 35, 56 Conversely, the other study reported opposite results. Meta-analysis was performed on these 3 studies which provided similar quantitative outcomes regarding the amount of canal transportation. [35] [36] [37] Such analysis showed that rNiTi files produce significantly less canal transportation than mSST endodontic files (Figure 3) .
DISCUSSION
The present review evaluated the currently available evidence that compared the performance between rNiTi and mSST files for root canal treatment in both clinical and in vitro studies. Although the methodological quality of the included studies was adequate in in vitro studies, the considerable heterogeneity and the limited number of clinical studies available for meta-analyses prevented to drawing reliable conclusions about the topics investigated. Additionally, it is questionable that randomized controlled studies will be carried out using manual preparation techniques when in clinical practice these have been superseded by NiTi instruments.
In spite of using broad selection criteria, only 4 comparative clinical studies relevant to the aim of the present review could be included. Two of these reported data regarding a large cohort of patients and one of the primary outcomes (ie, healing rate after treatment). 18, 19 However, since selection bias may have occurred due to their retrospective nature, they were judged at high risk of bias. Each of the outcomes of interest to this review is described in the following section.
Intracanal Bacterial Reduction
The elimination or reduction of intracanal bacteria remains a primary objective for successful treatment of apical periodontitis. 38 This is accomplished by a combination of mechanical instrumentation, various irrigation solutions, and antibacterial medicaments or dressings placed into the canal. 39 Chemomechanical instrumentation is often the first means of bacterial reduction during root canal treatment. 16 The finding of the current review was similar to what reported in previous studies showing that rNiTi files are as efficient as mSST files in reducing root canal flora. 16, 17 A previous review concluded that mSST files and rNiTi files showed no difference in their respective ability to eliminate residual intracanal infection after instrumentation. 40 The substantial bacterial reduction was achieved with progressive filing, regardless of file type, and neither of the techniques could predictably render canals free of bacteria.
Success rate after Treatment
The goal of root canal treatment is to eliminate diseased pulpal tissue and to create an environment that will allow for healing of periapical tissues and prevent the development of apical periodontitis. 41 Through the removal of diseased tissue, sealing of the canal system, and subsequent restoration of the coronal tooth structure, affected teeth may be retained. 14 An extensive literature has been published on the success of root canal treatment, but considerable variability exists among study protocols as well as among reported outcomes. 42 Differences include the length of recall, radiographic interpretation, experience of practitioners, success criteria adopted, and methods for assessment of treatment outcomes. 39 Thus, treatment outcomes and success rates differ significantly, and their comparison is often unfeasible. Some studies define treatment success based upon strict radiographic healing, whereas others consider a root canal-treated tooth a success if it remains still present and functioning in the oral cavity. [42] [43] [44] In the current review, rNiTi files proved to be as efficient as mSST endodontic files regarding tooth success. 19 However, rNiTi files achieved better success rate than mSST files concerning periapical healing.
18 Figure 5 . Radiographic cross-sectional tooth image displaying the landmarks used for calculation of canal transportation and centring ratio. Uninstrumented canal (a), instrumented canal (b). Where X and Y are the shortest mesial and distal distances, respectively, from the root surface to the canal surface. 1, uninstrumented canal measurement; 2, instrumented canal measurement; M 5 mesial; D 5 distal; B 5 buccal; P 5 palatal.
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A more recent review that evaluated success rates after preparation with NiTi instruments 45 had the following findings. Evidence from 2 studies suggested that the use of NiTi, either hand or rotary, instruments significantly increased success rates of primary root canal treatment compared with the use of mSST instruments. 18, 46 Conversely, another 3 investigations failed to show any significant difference in treatment outcomes between NiTi and SST instruments. 19, 47, 48 Schäfer and Bürklein 45 acknowledged that such contradictory results might be due to heterogeneity in the investigations' design and provided a qualitative description of the included studies. Thus, all studies were classified as having the same level of evidence (2b [Individual cohort study {including low-quality RCT; eg, ,80% follow-up}] according to the classification proposed by the Oxford Center for Evidence-based Medicine). As opposed to the present review, the authors 45 did not evaluate the risk of bias for each study, failing to evaluate potential flaws of the included studies. Nevertheless, the authors concluded that there is not sufficient evidence to adopt NiTi files instead of continuing using the traditional instruments. This is also aligning with the present review's findings.
Technical Quality
In light of the undergraduate students' performance using NiTi instruments and techniques, systematic incorporation of these systems into the preclinical and clinical curriculum and education regarding newer technologies and instruments seemed promising and advocated to improve root canal treatment quality. 18, 49, 50 Also, rNiTi is backed up by its low incidence of fracture.
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Cleansing of the Root Canal
The conclusions of this systematic review were similar to those of the narrative review by Vaudt et al., 52 which also showed that there is no clear advantage in reducing the remaining amount of bacteria after treatment and all outcomes may be considered satisfactory with any of the techniques used. This may also suggest the need for using irrigants and intracanal medicaments, especially in necrotic teeth. 53 
Apical Extrusion of Debris
Pain is a frequent complication associated with orthograde root canal treatment, 54 as it has a significant impact on the quality of life. 55 Posttreatment pain may be caused by the apical extrusion of infected debris during chemomechanical instrumentation (Figure 4) , which can generate an acute inflammatory response. 56, 57 A recent randomized study reported that postoperative pain was significantly lower in patients undergoing root canal instrumentation with rotary instruments as compared with the reciprocating single-file technique. 58 The amount of extruded debris may be primarily affected by the device movement (ie, rotary vs translational) and by the relationship between canal size and instrument size (eg, such as crown down vs early preparation to length). A study investigated the quantity of apical debris produced in vitro using 2 manual and 2 rotary instrumentation techniques reported that manual rotational movement produces less extrusion than with the step-back technique. 59 In a review by Nair et al., 60 it was concluded that all instrumentation techniques provide apical extrusion of debris even when the preparation is maintained at the apical terminus, the difference lies in the ability of some techniques to extrude less debris than others. Findings from the present review are in line with other studies 61, 62 that also showed that rNiTi instruments, especially when combined with copious irrigation, may extrude less debris than methods based on mSST instruments. This may also be attributed to the greater elasticity of the NiTi files that enables a more centered canal preparation with less transportation and incidence of canal aberrations as compared to mSST files. 63 Hence, to decrease the amount of apical extrusion of debris, the use of rNiTi instrumentation may be recommended. Nevertheless, NiTi files display a slightly higher incidence of instrument breakage or rupture than mSST instruments, 64 although there is no clear evidence that a retained fragment into the canal may jeopardize the outcomes of the treatment, 65 nor that may cause pain. The presence of a broken instrument may increase the risk for postoperative discomfort to the patients only when an additional operative procedure is performed for its removal from the root canal. 66 
Transportation and Centring Ability
In endodontic research, evaluation of the mean centring ratio is a measure of the ability of the instrument to stay centered in the canal; the smaller the ratio, the better the instrument remained centered in the canal ( Figure 5) . The extent and direction of canal transportation are determined by measuring the greatest distance between the edge of each instrumented canal and the corresponding edge of the uninstrumented canal. The formula used for the centring ratio calculation is (X 1 2 X 2 )/(Y 1 2 Y 2 ) and for the transportation is (
. If the result obtained from the latter calculation is 0, then no canal transportation is assumed. 67 All root canal preparation techniques considered in the current review produced canal transportation. However, rNiTi instruments showed less canal transportation and a better centring ability than techniques based on mSST files, a finding which is also supported by a narrative review. 52 This may be attributed to the increased flexibility of the NiTi files as compared with SST instruments and to the different preparation techniques. The centring ability varied among the different NiTi systems, possibly due to the different flexibility, size, and taper of each system. On
The Journal of EVIDENCE-BASED DENTAL PRACTICE Volume 18, Number 1 the other hand, although NiTi files might lead to a more centered canal shape that is very close to the original shape, they have a tendency to straighten the root canal when the instrument is left too long within the canal, causing reduction of the dentin wall thickness in the apical direction which can increase the risk of root fracture. 68 
CONCLUSIONS
The present systematic review found no clear evidence to recommend one file type vs another concerning cleansing of the root canal when instrumentation is associated with irrigation regimen. Conversely, there was in vitro evidence suggesting that NiTi instruments may achieve better results than SST ones when considering apical extrusion of debris and centring ability.
There were only 2 randomized clinical studies that investigated the effect of using rNiTi vs mSST files, and there was no significant difference between 2 groups. The rNiTi was superior to mSST when in vitro studies compared the canal transportation and apical extrusion. However, all the metaanalyses were based on an insufficient number of cases.
Thus, the results found should be interpreted with caution. Furthermore, direct comparisons among the various studies are difficult, due to different experimental set-up, aims, and investigated parameters. More standardized homogenous clinical studies are needed.
The choice of a particular type of endodontic file for the preparation of the root canal should take into account that any type of instrument has its specific indications, advantages, and limitations, which means that rNiTi and mSST files systems are not completely interchangeable.
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